Recent magnetic resonance imaging (MRI) techniques have shown potential for measuring non-uniform deformations throughout the volume (i.e. three-dimensional (3D) deformations) in small orthopedic
Introduction
The experimental study of non-uniform deformation throughout the volume ͑i.e. three-dimensional ͑3D͒ deformation͒ of articular cartilage in response to loading is important to provide a comprehensive understanding of the properties of the normal and diseased tissue. Investigations of 3D deformation may provide an increased understanding of the process of mechanical signal transduction, where the 3D deformation of the extracellular cartilage matrix influences the deformation experienced by individual chondrocytes ͓1,2͔. Experimental investigations of 3D deformation may also be useful in the verification of various analytical constitutive models ͓3͔ and computational models ͓4͔. Moreover investigations of 3D deformation may allow for the detection of possible disease sites in the tissue by identifying localized areas where the stiffness of the tissue has changed from normal ͓5͔.
Methodologies that make use of magnetic resonance imaging ͑MRI͒ have demonstrated the ability to measure 3D cartilage de-formation noninvasively ͓6,7͔. In contrast to previous experimental methods designed to investigate depth-dependent properties of cartilage ͓8-10͔, noninvasive MRI methods allow for experimentation without the use of excised samples. MRI methodologies have been employed to measure surface deformations ͑i.e. depth and volume changes͒ in cartilage both in vitro and in vivo ͓6,7,11-18͔. However, to our knowledge no MRI-based methodology has been developed to measure 3D cartilage deformation throughout the volume of the tissue.
Unique motion-sensitive MRI pulse sequences, such as DANTE ͑Delays Alternating with Nutations for Tailored Excitation͒ ͓19͔, can potentially be used to identify and track the movement of specific surface and interior points hence enabling nonuniform deformations to be determined throughout the entire cartilage volume. This pulse sequence provides the ability to ''tag'' or label regions of tissue by locally perturbing the intrinsic magnetization of the tissue with a combination of magnetic field gradients and radio-frequency pulses. The labeled tissue regions ͑often appearing as a grid pattern of thin tag lines in images͒ may be tracked in sequential images and used to calculate deformation. Such techniques have been used primarily in cardiac applications ͓20-22͔, but have potential for calculating deformation in small orthopedic tissues such as articular cartilage.
While MRI provides an exceptional opportunity to examine 3D deformation, the realization of an MRI-based method to measure the 3D deformation of cartilage presents a unique set of challenges. An apparatus is required to load the tissue within the MRI scanner and must be constructed from materials ͑e.g. nonferromagnetic͒ that do not introduce any image artifacts. Further, the apparatus must impose cyclic loading on the cartilage while within an MRI scanner because a long period of time is required to image the thin cartilage ͑less than 5 mm thick on the tibial plateau͒ at a high spatial resolution ͑e.g. 50 m͒. For example, it is estimated that a simple MRI fast spin echo acquisition of 3D data will take at least 16 minutes ͑repetition time: 3000 ms; phase encode steps: 512; echo train length: 16; number of excitations: 1; slices: 10͒. However, the tag lines created using the motionsensitive MRI pulse sequences, and thus the contrast necessary to observe deformations, decay on the order of T 1 of the cartilage ͑770 ms at 1.5 T, and greater than 1000 ms at 7.05 T ͓23͔͒. Because this time is considerably shorter than that required for the simple 3D MRI acquisition, the cartilage must be cyclically loaded to allow for the acquisition of portions of the data needed for a complete 3D image during each loading cycle. Over many cycles, the portions of data can be assembled and processed into complete 3D images. Thus, one objective of this study was to design an apparatus that applies cyclic compressive loads and operates in the bore of an MRI scanner. A second objective was to demonstrate that the apparatus and MRI scanner can be successfully integrated to observe 3D deformations in a phantom material with MRI properties similar to that of articular cartilage.
A potential problem in applying this methodology to measure cartilage deformation is that the tissue exhibits viscoelastic behavior ͑e.g. stress relaxation and creep͒ ͓24͔, and so motion artifacts may obscure MR images assembled over many loading cycles. Consequently, the loading cycle must be carefully chosen so that the deformation between successive cycles is repeatable. Previous investigations of cyclic creep indicate that after a number of cycles, biological tissues reach a steady-state, or repeatable deformation, in response to an applied load provided that the recovery period is sufficiently long ͓25͔. Accordingly, the number of loading cycles necessary to achieve the steady-state response for a specific recovery period must be determined so that this number of loading cycles can be applied prior to imaging. Image acquisition during cyclic loading will commence once a steady-state displacement response has been achieved. Thus, the third objective was to develop a method for determining the number of load cycles necessary to achieve a steady-state displacement response for a viscoelastic material and to demonstrate the method using samples of normal bovine articular cartilage.
Methods
Cyclic Loading Apparatus Design. An apparatus was designed as an electro-pneumatic system to cyclically load cartilage samples inside an MRI scanner ͑Fig. 1͒. Pneumatically, the components consisted of a compressor ͑T-150HP, Thomas Industries Inc., Sheboygan, WI͒, pressure servovalve ͑QB1TFEE100-S896, Proportion Air, McCordsville, IN͒, solenoid valves ͑S5SS9D, IR Fluid Products, Bryan, OH͒, and a custom double-acting pneumatic cylinder. The operating pressure of the compressor was set at 0.76 MPa. The servovalve was capable of regulating the pressure between 0 and 0.69 MPa to the solenoid valves and cylinder. Additionally, the pressure servovalve was the key component in the system, as it regulated the pressure to a Ϯ0.2% full-scale accuracy. Thus, the servovalve provided a consistent supply of pressure to the cylinder and allowed for consistent subsequent loading of cartilage samples. This component also allowed for the controlled application of various loading magnitudes by varying its pressure output.
Electrically, the apparatus was controlled by a computer running custom Visual Cϩϩ ͑v6.0, Microsoft Corporation, Seattle, WA͒ and data acquisition software ͑NI-DAQ; National Instruments Corporation, Austin, TX͒. A counter was established using the NI-DAQ software to allow for precise timing ͑10 s resolution͒ of events in the system. The computer directly provided a command signal ͑between 0 and 10 V͒ to the servovalve to control the pressure to pneumatic components, and indirectly provided command signals ͑5 V͒ to the solenoid valves via electrical relays to control the direction of air flow to the cylinder, as well as the subsequent motion of the double-acting cylinder piston rod. The computer also provided a command signal ͑5 V͒ to the MRI scanner to trigger image acquisitions ͑discussed subsequently͒. Finally, a laser system ͑LB1101, Keyence Corporation, Woodcliff Lake, NJ͒ was mounted to the apparatus to monitor displacements of the piston rod. This laser system has been shown in our laboratory to measure displacement with a precision of Ϯ2.4 m ͓26͔.
A loading mechanism was designed to load the cartilage samples within the restricted bore of the MRI scanner ͑Fig. 1(B)). The piston rod of the cylinder extended through a cantilever section of the loading mechanism to the tissue sample holder where loading occurred. Ultimately, the tissue will be loaded within a small horizontal MRI scanner bore, which is approximately 33 mm in diameter, in a Biospec 70/30 system with micro-imaging gradients ͑7.05 Bruker Medical GMBH, Ettlingen, Germany͒. The motion-sensitive MRI experiments to be described later were conducted on this system. With the loading mechanism interfaced to the MRI scanner, tissue samples ͑maximum geometry 21.6 ϫ18.0ϫ15.0 mm 3 ) were placed at the scanner isocenter. If desired, then tissue samples could be submerged in a 0.15 molar sodium chloride solution to mimic the in vivo environment ͑Fig. 2͑A͒͒. To fix the cartilage to the apparatus, the tissue sample subchondral bone was attached rigidly using ethyl cyanoacrylate to an orthorhombic Delrin mount ͑geometry 21.6ϫ18.0ϫ3.8 mm 3 ) ͑Fig. 2(B)). Additionally, a flat-surfaced and nonporous indentor was used to load the samples in unconfined compression.
The loading mechanism was constructed from materials that minimized the introduction of MR image artifacts. The cylinder was machined from Delrin, a material that has been used in previous studies of static loading inside an MRI scanner without detrimental effects ͓7͔. Additionally, rubber cylinder diaphragms ͑KD-4L, Illinois Pneumatics, Roscoe, IL͒ were used with a molybdenum disulfide powder lubricant to provide a low-friction seal between the Delrin piston and the cylinder. However, other system components ͑e.g. compressor͒ were constructed from metallic Fig. 1 Electro-pneumatic schematic "A… of the cyclic loading apparatus depicting the relationship between electronic "gray dashed arrows… and pneumatic "black solid arrows… components. Details of the loading mechanism are also shown "B…, including the pneumatic cylinder, cantilever section, and sample holder. Rubber diaphragms "not shown… were used to provide a low-friction seal between the Delrin piston and the cylinder. A laser displacement measurement system "not shown… was also mounted to the apparatus. Fig. 2 Photographs of a cartilage sample within the sample holder "A… and affixed to a Delrin mount "B… components. These components were connected to the pneumatic cylinder by plastic tubing greater than 2 m in length to ensure an adequate and safe distance from the scanner.
The cyclic loading mechanism provided uniaxial compressive loads to the cartilage. In a typical experiment ͑Fig. 3͒, the mechanism compressed the cartilage to a maximum load of 400 N which was achieved approximately 200 ms after load application commenced. This load magnitude was chosen because when applied over a typical sample area of 100 mm 2 , a pressure of 4 MPa was created which can be developed easily on the tibial plateau of the human knee joint during walking ͓27,28͔. The load magnitude, constant loading period, recovery time, and total cycle duration were all variable and computer-controlled.
A series of experiments were performed to determine the relationship between the load developed by the cyclic loading mechanism and the command signal given to the pressure servovalve by the computer. The load developed by the cyclic loading mechanism was measured in three independent experiments in which the command signal magnitude to the pressure servovalve was set at 2.5, 3.0 and 3.5 Volts. The mechanism compressed a load cell rated at a maximum load of 1112 N ͑LC307-250, Omega Engineering, Inc., Stamford, CT͒ ten times during each experiment with a 5-second total cycle duration. The load magnitude was averaged over all constant loading periods. The correlation coefficient was calculated from the load versus command signal data using a linear regression analysis.
Integration of the Apparatus and MRI Scanner. Integration of the cyclic loading apparatus and MRI scanner was accomplished via an electrical TTL trigger signal transmitted from the apparatus to the scanner ͑Fig. 3͒. This trigger signal synchronized the DANTE pulse sequence and image acquisitions directly to the compression cycles provided by the loading mechanism. Synchronization ensured acquisition of images with minimal motion artifacts. In a typical experiment ͑Fig. 3͒, one signal was sent to the MRI scanner prior to loading.
A phantom material ͑Sylgard 527 Silicone Dielectric Gel, Dow Corning, Midland, MI͒ was imaged in both the unloaded and loaded states to demonstrate the functionality of the MRI-cyclic load apparatus system for creating images assembled over repeated load cycles from which 3D deformations could be determined ultimately. This material has T 1 and T 2 properties similar to articular cartilage ͓29͔. A phantom material rather than articular cartilage was used because the phantom material can also be used to verify the 3D strain calculations ultimately of interest. The apparatus was configured for a 20 N cyclic load magnitude ͑for the compliant gel͒ with a 5-second total cycle duration. The phantom material was imaged in an undeformed state just prior to the load application with a DANTE pulse sequence ͑to apply the tag lines͒ followed by a fast spin echo pulse sequence to create an image of the tag lines in the phantom material. The phantom was then deformed with the applied load, and then imaged again with a fast spin echo pulse sequence to capture the tag lines in a deformed state. The values of the DANTE and fast spin echo imaging parameters are given in the caption of Fig. 6 .
Load Cycle for a Steady-State
Response. Cartilage samples were tested to determine the load cycle to achieve a steady-state displacement response. Articular cartilage samples were harvested from the proximal metacarpals of four fresh-frozen normal adult bovine specimens. The harvested sample geometry was approximately 10.0ϫ10.0 mm 2 cross-sectional contact area and 4.0 mm depth. The 4.0 mm depth consisted of approximately 2.0 mm of cartilage and 2.0 mm of underlying cortical bone. The cortical bone was not removed because it provided an effective rigid surface with which the sample was affixed to the apparatus. Inasmuch as the modulus of cortical bone exceeds that of the cartilage by more than 1000-fold ͓30͔, the deformation of the bone contributed negligibly to the deformation of the sample. Once harvested, the samples were attached to the Delrin mounts and refrigerated overnight prior to testing.
Cartilage samples underwent a specific unconfined and com- pressive loading history on successive days to determine their steady-state viscoelastic response to the apparatus ͑Fig. 3͒. All cartilage samples were loaded with 200 cycles on respective days with a 1.5-second interval of constant 400 N loading during each loading cycle. The durations of the complete cycles were 5, 10, 15, and 5 seconds on days one, two, three and four respectively. Between successive days, the samples were immersed in a saline solution and allowed to recover overnight in a refrigerator. Because the results of testing on days one and four were not different ͑explained in the Results section͒, the overnight recovery was sufficient to fully recover the cartilage. The order of sample testing on any given day was randomized. The number of cycles required to reach a steady-state viscoelastic response in the cartilage samples was determined using a predetermined slope criterion based on MR imaging parameters and a linear regression analysis to avoid motion artifacts in the images. The independent and dependent variables for the regression analysis were time and displacement, respectively. It was estimated previously that the total imaging time for a simple 3D MRI acquisition was 16 minutes. Assuming that 32 phase encode steps ͑e.g. 16 from two different slices each with an echo time of 6.8 ms͒ can be acquired during each loading cycle, the period of data analyzed during each loading cycle is only 217.6 ms, and the total number of loading cycles required for the 3D acquisition is 160 ͑512 ͓phase encode steps/slice͔ϫ10 ͓slices͔/32 ͓phase encode steps/loading cycle͔͒. Further, we required that the total cyclic creep of the cartilage during the 160 cycles be no more than 25 m, which corresponds to half of the desired high image spatial resolution of 50 m. The criterion for reaching a steady-state response in the cartilage was that the slope of the regressed data be less than 25 ͓m͔/(total cycle duration ͓s/cycle͔ ϫ160 ͓cycles͔) where the total cycle duration was either 5, 10 or 15 seconds, depending upon the test.
Inasmuch as data was recorded for every third cycle, groups of ten data cycles ͑i.e. 28 load cycles͒ were analyzed at a time using the aforementioned slope criterion and considered to represent the sample data. First the slope of cycles 3 through 30 was calculated and compared to the slope criterion. If the slope was greater than the criterion, then the slope of cycles 6 through 33 was analyzed. This process continued until the slope of a group of data cycles was less than the criterion. At this point, the first cycle of the group of ten was considered the cycle at which a steady-state response was achieved in the cartilage. The analysis described herein is illustrated in Fig. 4 , where the slope of the cycles 3 through 30 as well as 57 through 84 are superimposed on typical data. The slope of the data for cycles 57 through 84 was less than the criterion, and thus the steady-state response for this particular data began at cycle 57. Further, the variability of the displacement data was investigated for all cycles for which the test was determined to be at steady-state. The range for which all of the displacement data was within 95% of the mean displacement was calculated using plus and minus two standard deviations. To verify that the cartilage samples were fully recovered on each day and to justify testing the cartilage on successive days, the means of the number of cycles necessary to reach steady state on days one and four ͑i.e. the two tests with identical total cycle durations͒ were compared using a paired t-test.
Results
A linear and highly correlated relationship was found between the load developed by the cyclic loading mechanism and the command signal given to the pressure servovalve by the computer ͑Fig. 5͒. The highest standard deviation was 2.3% of the mean 323 N load. Further, the standard deviation was approximately 1.8% of the mean 400 N load. These results indicate that cyclic cartilage loading may be accurately specified and controlled by the pressure servovalve.
Images of a phantom material were successfully captured with the use of the system created by integrating the cyclic loading apparatus and the MRI scanner with the pulse sequences ͑Fig. 6͒. The DANTE parameters produced a grid pattern of tag lines spaced approximately 1 mm apart. The fast spin echo parameters rested in voxel dimensions of 78ϫ78ϫ500 microns 3 and were sufficient to demonstrate deformation of the phantom material. The timing of the apparatus and MRI scanner allowed for the acquisition, assembly, and visualization of images depicting the material in undeformed and deformed states. From these image data, detailed deformation information may be extracted.
Testing of the cartilage samples on successive days had no effect on the results presented in this study. The mean number of cycles needed to reach a steady-state response on day one ͑5 second total cycle duration͒ was 48.8Ϯ10.8 cycles, and was nearly identical to the 49.5Ϯ18.2 cycles needed to reach a steady-state response on day four ͑again, 5 second total cycle duration following 3 days of testing; pϭ0.926). Thus testing of samples on successive days was justified.
All of the cartilage samples tested (nϭ4) reached a steadystate response to the three different unconfined and compressive load cycles ͑Fig. 4͒. Qualitatively, the cartilage initially followed an exponential creep curve, but then reached a plateau region where no further noticeable creep occurred throughout the duration of the loading cycles. Also, an expanded view of the displacement versus time graph for the last cycle shows that less than 8 m of displacement occurred during the period of constant loading.
The number of cycles needed to reach a steady-state response in the cartilage samples depended upon the total cycle duration ͑Fig. 7͒. For increasing total cycle duration, a decreasing number of cycles were needed in order to achieve a steady-state response. Once the steady-state response was achieved, 95% (Ϯ two standard deviations͒ of all data was on average within Ϯ7.42 m of the mean, indicating that the displacement response to the cyclic loads was highly repeatable. Of note, this range of data included Fig. 6 Images of phantom material in undeformed "A… and deformed "B… states. DANTE tag lines are seen to deform with the tissue, thus permitting the calculation of deformation on the material surface and throughout the interior. DANTE imaging parameters were radiofrequency "RF… pulsesÄ20; RF pulse durationÄ4 s; inter-pulse durationÄ100 s; magnetic field gradient strengthÄ20.0 GaussÕcm. Fast spin echo imaging parameters were: TRÄ5000.0 ms; TE Ä6.8 ms; number of echoes per TRÄ8; field of viewÄ2.00Ã2.00 cm 2 ; image matrix sizeÄ256 Ã256 pixels 2 ; number of excitationsÄ1; slice thicknessÄ0.5 mm.
creep over all cycles for which the cartilage samples were at steady-state, as well as the creep during each constant loading period.
Discussion
This study was motivated by the need for detailed information regarding the non-uniform deformation of articular cartilage throughout the volume ͑i.e. 3D deformation͒ under compressive loading. Recent MRI techniques have shown potential for the measurement of 3D deformation in small orthopedic tissues such as articular cartilage. As steps in capitalizing on this potential, the objectives of this study were to 1͒ design and evaluate the performance of an apparatus to apply cyclic compressive loads and operate in the bore of an MRI scanner, 2͒ demonstrate that the apparatus and MRI scanner can be successfully integrated to observe 3D deformations, and 3͒ develop a method for determining the number of load cycles necessary to achieve a steady-state displacement response for a viscoelastic material and to demonstrate the method using bovine articular cartilage. The key results were that ͑1͒ the cyclic loading apparatus applied loads with high precision, 2͒ images of a phantom material in both undeformed and deformed states were captured using an MRI scanner and the apparatus thus demonstrating the potential to measure 3D deformation in cartilage, ͑3͒ cartilage samples reached steady-state response for all loading cycles specified herein, and ͑4͒ a decreasing number of cycles were needed in order to achieve a steady-state response as the total cycle duration ͑and thus the recovery time͒ was increased.
The apparatus provided repeatable loading within the magnetic environment of the MRI scanner. The small standard deviation ͑1.8%͒ of the mean 400 N load indicated that load-controlled compression was applied with good repeatability over many loading cycles using this apparatus. Further, although a 400 N load magnitude was used in this study, the load magnitude could be varied over a range of values. Based on the possible command signal values for the pressure servovalve ͑0-10 V range͒, and an extrapolation of the linear relationship found herein, it is reasonable to expect that load magnitudes may be specified between 0 and greater than 1000 N, although the relationship between the command signal and load magnitude may not be linear over this entire range. Additionally, the demonstration of the MR images of the phantom material ͑Fig. 6͒ indicates that the apparatus functioned and operated properly within the MRI scanner.
The cyclic loading apparatus used to cyclically load cartilage within an MRI scanner is unique in relation to previous cyclic loading apparatus designs. Previous designs have been implemented using a cam and follower assembly ͓31͔ and a load cell with microprocessor-based feedback ͓32͔. Other designs have been employed to examine the biosynthesis response of cartilage during mechanical loading ͓33͔. These previous designs were similar to the cyclic loading apparatus described herein in that they allowed for the application of a wide range of loads ͑as high as 500 N͒. Additionally, the previous designs allowed for rapid loading ͑as short as 20 ms in one apparatus͒. However, the previous designs typically employed metallic and electric components that rendered them inappropriate for our MRI application. A separate MRI-based study of cartilage deformation during static mechanical loading employed a pneumatic apparatus constructed in part from Delrin ͓7͔. In contrast to the apparatus used in that study, our apparatus provides rapid and repeatable cyclic loading required for the MRI application discussed herein.
The integration of the cyclic loading apparatus and MRI scanner with the pulse sequences to capture images of the phantom material in undeformed and deformed states has several implications. First, the function of the apparatus was unaffected by the harsh MRI environment. Due to the design of the apparatus, this result was expected. Second, the phantom material used for demonstration in this study can now be replaced by other materials such as articular cartilage. When loaded appropriately and imaged using the MRI scanner with the pulse sequences, images can be assembled which illustrate deformations of tag lines throughout the volume of the cartilage.
Although it has been known for some time that biological tissues reach a steady-state response to cyclic loading ͓25͔, to the authors' knowledge the number of cycles needed to reach steadystate response for any loading cycle has not been specifically determined in cartilage. One study investigating the deformation response to cyclic loading of cartilage noted that specimens approached a steady-state response in as few as 200 cycles ͓34͔, although the specific number of cycles was not calculated. In contrast to that study, we found that the number of load cycles required to reach a steady-state response was less than 50 for the loading protocols specified herein, and that the number of cycles decreased as the total cycle duration ͑and hence the recovery time between cyclic loads͒ increased. Although the number of cycles to reach steady-state as a function of the recovery time was unknown, this result was expected based on the viscoelastic behavior of the cartilage in unconfined compression where rapid relaxation may be attributed to the ease of fluid flow from the tissue ͓35͔.
The steady state response of the cartilage to the cyclic loading applied by the apparatus is critical to the successful imaging of the cartilage within the MRI scanner. As mentioned previously, it is necessary that a sufficient number of preconditioning cycles be applied to the cartilage to avoid detrimental effects caused by the cartilage viscoelasticity which introduces motion artifacts in images acquired over long periods of time due to creep. The choice of such preconditioning cycles applied prior to imaging depends on the relationship between the number of cycles until steady state is achieved and the total cycle duration. Any of the three total cycle durations studied here are appropriate to achieve a steady state response prior to imaging. However, a 5-second total cycle duration is most appropriate if minimum total imaging time is desired. It is also important to apply more preconditioning cycles than the mean listed due to the variability observed between cartilage samples. A conservative estimate is the mean number of preconditioning cycles needed to reach a steady-state response plus two times the standard deviation. This amounts to 77 preconditioning cycles for a 5-second total cycle duration. The usefulness of the steady-state data extends beyond the MRI application presented herein. The steady-state data may additionally aid in the experimental verification of theoretical constitutive models describing cartilage viscoelastic behavior. Specifically, this data may be compared to either analytic or numerical results of cartilage loading ͓4,35͔ in cyclic unconfined compression. The data presented is also valuable in experimental testing of cartilage to determine material properties ͑e.g. compressive modulus during cyclic testing͒ where knowledge of the number of preconditioning cycles prior to the steady-state response is necessary. However, the data is limited to normal bovine metacarpal cartilage explants, and further testing is required to determine the steady-state response in either normal human or diseased cartilage.
One unexpected behavior of the cartilage displacement response was that the nature of the response depended on the sample being tested. It was observed that the cartilage displacement response of the first sample tested on any given day did not match the exponential creep response of other samples shown in Fig. 4 . The creep response of the first sample was typically exponential for approximately 20-40 cycles, then linear for approximately 15-30 cycles, and finally exponential for 15-30 cycles before reaching a steady-state response. The differences in the cartilage displacement response of the first sample tested can be attributed to an altered loading behavior of the apparatus. One possibility is that friction in the pneumatic cylinder changed during the initial loading cycles as the distribution of lubricant used with the rubber diaphragms in the cylinder also changed. As a consequence of this behavior, no data from the first sample tested on a particular day in this study was included in the analysis.
The result that the displacement response of the first sample tested on a given day was atypical has implications for the use of the apparatus when imaging cartilage in MRI experiments. One implication is that an additional number of cycles need to be applied prior to inserting the cartilage in the apparatus, thus allowing the apparatus to ''warm-up'' and hence avoid an unpredictable displacement response in the cartilage. Additionally, this result implies that the displacement response of the cartilage while in the MRI scanner should be monitored to ensure that the steady-state criterion has been met and that it remains satisfied. Accordingly the displacement response will be monitored using a fiber optic displacement sensor in future MRI experiments.
In summary, the contributions of this paper are as follows:
• The design of an MRI-compatible cyclic loading apparatus was described and the performance evaluation demonstrated both highly repeatable cyclic loading and functionality in an MRI scanner.
• The cyclic loading apparatus was integrated with an MRI scanner programmed with appropriate pulse sequences to produce a system which provided images of a phantom material in both the undeformed and deformed states assembled from repeated acquisitions during cyclic loading.
• A methodology for determining a load cycle to achieve steady-state cyclic displacement of viscoelastic materials was presented and the number of preconditioning loading cycles to achieve steady-state response in normal bovine articular cartilage was determined for three different load cycles.
Based on these contributions, the foundation is now laid to acquire images of articular cartilage in the undeformed and deformed states and determine the corresponding 3D deformations.
